ABSTRACT Forty-seven strains of H9 subtype avian influenza viruses identified by specific reverse transcription-PCR method were isolated from the chicken and duck flocks in different areas of China during the 2002 to 2009 epizootic period. Hemagglutinin (HA) genes of these strains were sequenced and analyzed with the representative strains published in GenBank. The results indicated that the HA genes of these strains and the vaccine strains displayed nucleotide homologies ranging from 91.7 to 96.6% and amino acid homologies ranging from 92.3 to 95.7%, respectively. Analysis of the mature peptide sequences of these HA genes showed that the presence of leucine at position 216 (corresponding to residue 226 in H3 numbering) indicated a preference to the binding of α (2-6) sialic acid receptors, which was the same as human isolates. Extra potential glycosylation sites appeared in the HA genes of most tested isolations compared with the vaccine strains. The HA cleavage sites of most of the strains were the 335 PSRSSR↓GLF 341 , but all of the strains met the characteristics of low-pathogenic avian influenza. The results of phylogenetic analysis indicated that all 47 strains and the current vaccine strains belong to the same phylogenetic lineage h9.4.2, but they had some genetic deviation in the last decade. Compared with the vaccine strains, 7 mutations were found in the antigen epitope region of the HA genes of the field strains. These results suggested that the commercial vaccine might not induce satisfactory prevention against infection of H9N2 avian influenza virus.
INTRODUCTION
Avian influenza viruses (AIV) are segmented, negative-sense, single-strand RNA viruses of the family Orthomyxoviridae (Capua and Alexander, 2006) . Currently, 16 hemagglutinin (HA) subtypes and 9 neuraminidase subtypes of AIV have been isolated from avian species (Fouchier et al., 2005) . According to the pathogenicity, the AIV can be divided into 2 groups. The extremely virulent viruses confined to the H5 and H7 subtypes caused highly pathogenic avian influenza, which resulted in fatally systemic infections with large-scale devastating outbreaks with flock mortality as great as 100%. All other viruses that caused only milder respiratory signs or asymptomatic infections are regarded as the low-pathogenic AIV. The H9N2 subtype AIV was first reported to infect turkeys in the United States in 1966 and has been detected worldwide since then (Homme and Easterday, 1970) . Serious outbreaks of the H9N2 AIV infection associated with other diseases or environments also caused high morbidity and mortality (Alexander, 2000; Kishida et al., 2004) . Additionally, the reports about H9N2 AIV infections of humans in Hong Kong had dramatically attracted the attention of the scientific community (Peiris et al., 1999; Guan et al., 2000; Butt et al., 2005) . Genetic analysis of H9N2 viruses from Hong Kong live bird markets had shown the preferential binding of viruses to α (2-6) sialic acid, which was the typical characteristic of human strains, and the viruses could be grouped into 3 major sublineages represented by A/Quail/Hong Kong/G1/1997 (HK-G1), A/Duck/Hong Kong/Y280/1997 (HK-Y280), and A/Duck/Hong Kong/Y439/1997 (HK-Y439) (Guan et al., 1999; Matrosovich et al., 2001) . Hemagglutinin as the receptor-binding and membrane fusion glycoprotein of AIV is a predominant inducer of neutralizing antibody to influenza virus infection under both natural infection and vaccination (Johansson et al., 1989; Skehel and Wiley, 2000) . The HA genes have vital relation to viral pathogenicity, antigenicity, and host range of influenza viruses, although some researchers indicated that these traits are polygenic (Shortridge et al., 1998; Steinhauer, 1999) . In mainland China, H9N2 AIV was isolated from chickens for the first time in Guangdong Province in 1992. Subsequently, the viruses rapidly spread in the nation (Chen et al., 1994; Li et al., 2003) . In China, inactivated vaccines derived from the earlier strains have been widely used in chicken farms to reduce the adverse effect of the H9N2 AIV. However, the HA genes of the viruses frequently mutate to avoid the surveillance of the immune system under high immune pressure of the host (Shi et al., 2009) . As a result, infections of H9N2 AIV sometimes still occurred in vaccinated layers and breeders. The mild infections even without any clinical signs lead to bad production performance especially in egg production in the local poultry industry (Wu et al., 2008) . Meanwhile, H9N2 influenza viruses were also isolated from domestic pigs in Hong Kong and other provinces in mainland China (Peiris et al., 2001; Xu et al., 2004) . These findings indicated that the exiting H9N2 influenza viruses posed a large threat for poultry, mammals, and even humans.
Our influenza surveillance program in mainland China showed that the prevalence of H9 AIV in China increased in the last years. The aim of the present research was to study the genetic variation and phylogenetic relationships of HA genes of H9N2 AIV circulating at different times and geographical regions in China. The study would be an aid for understanding the evolution and the pandemic H9N2 strains in the nation.
MATERIALS AND METHODS

Viruses
Forty-seven AIV strains tested in this study were isolated from unhealthy birds in the vaccinated poultry flocks in the Guangdong, Hubei, Zhejiang, Sichuan, Fujian, and Jiangsu provinces in China during the period of December 2002 to November 2009 (Table 1) . The birds showed respiratory symptoms and displayed a decrease in egg production up to 60% with 5 to 20% mortality in the isolated cases. All viruses were propagated in 10-d-old specific-pathogen-free embryonated chicken eggs and were identified to be the H9N2 subtype by the reverse transcription-PCR (RT-PCR) method. Specific-pathogen-free embryonated chicken eggs were provided by Ji Jiang (Guangdong Wen's Foodstuffs Group Co. Ltd., Yunfu, Guangdong, China).
RNA Extraction and 1-Step RT-PCR
Viral RNA extraction of the harvested allantoic fluid was completed using RNAiso reagent (Takara Biotechnology, Dalian, China) according to the manufacturer's instructions. Reverse transcription-PCR was carried out by PrimeScript One-Step RT-PCR Kit (Takara Biotechnology) in a 25-μL reaction volume containing 20 μL of RT-PCR PreMix (Takara Biotechnology; reaction buffer, deoxynucleoside triphosphate, 2 μL of enzyme mix), 2 μL of extracted viral RNA, and the specific primer pair (H9N2P1: 5′-CAAGATGGAAG-TAGTATCACT-3′ and H9N2P2: 5′-TTGCCAAT-TATATACAAATGT-3′). Reverse transcription and amplification were performed as 1 cycle of 30°C for 30 min, 94°C for 2 min, followed by 30 cycles of denaturation at 94°C for 40 s, annealing at 56°C for 40 s, and extension at 72°C for 30 s, respectively, with a final 10-min extension step at 72°C. The PCR products were cloned into a pMD19-T vector (Takara Biotechnology) for later sequencing (AuGCT Biotechnology, Beijing, China).
Genetic Variability and Phylogenetic Analysis
Nucleotide and the derived amino acid sequences of the 47 obtained HA genes were compared with vaccine strains used in China, A/chicken/Guangdong/SS/1994 (GD-SS), A/chicken/Shandong/6/1996 (SD-6), and A/chicken/Shanghai/F/1998 (SH-F). The multiple alignment was carried out using DNAStar sequence analysis software (DNAStar Inc., Madison, WI). The phylogenetic tree was constructed with 47 acquired HA amino acid sequences, the representative HA sequences from the GenBank database, including the vaccine strains HK-G1, HK-Y280, HK-Y439, and A/chicken/ Beijing/1/1994 (BJ-1), were represented for grouping using the MEGA 4.1 software with neighbor-joining method (Tamura et al., 2007) . In addition, other appropriate known strains in the world were also contributed to the tree. The antigenicity epitopes of the HA of the isolated strains and vaccine strains were analyzed using the DNAStar software (DNAStar Inc.).
Prediction of Potential Glycosylation Sites and Nucleotide Sequence Accession Numbers
Mature peptide sequences of HA genes of the H9N2 AIV strains were submitted for prediction of potential N-glycosylation sites (PGS) using the Center for Biological Sequence Analysis online server 1.0 (http:// www.cbs.dtu.dk/services/NetNGlyc/).
A total of 47 sequences were submitted to the GenBank database and were assigned the accession numbers of GU471864 to GU471897 and GU471793 to GU471805 (Table 1) .
RESULTS
Nucleotides and Amino Acid Homology Analysis
The open reading frame of 47 HA genes had been sequenced, which contained 1,683 nucleotides coding for 560 amino acids. Homology analysis of the tested HA sequences and the deduced amino acid sequences was performed by comparison with vaccine strains of H9N2 AIV (GD-SS, SD-6, and SH-F). Nucleotide sequence analysis of the HA gene showed that the 47 isolated strains were very closely related (92.5 to 100%) and shared a homology of 91.7 to 96.6% with the vaccine strains. These strains shared the amino acid identity ranging from 94.3 to 99.6% and 92.3 to 95.7% with the 3 vaccine strains. The results revealed that most of the tested strains had nonnegligible genetic distances with the vaccine strains.
Phylogenetic Analysis
To understand the genetic relationship of the tested strains with the representative isolates, the phylogenic trees were produced by using the deduced amino acid sequences of the HA gene. As is shown in Figure 1 , the H9N2 divided into 5 major sublineages by a new nomenclature system (Liu et al., 2009) , and all of the tested strains and vaccine strains belonged to different clades of sublineage h9.4.2, which covered BJ-1-like strains and HK-Y280-like strains, and HK-G1 and HK-Y439 represented the 2 distinct sublineages of h9.3 and h9.4.1. The phylogenetic relationship of strains at different times and geographical regions displayed complexity and diversity. The results indicated a similarity among the virus strains isolated in the close time stage, whereas the strains isolated in later years maintained more difference with the vaccine strain.
Mutation Analysis
In the cleavage sites of precursor HA protein, all 47 strains had only 2 basic amino acids, which met the (Liu et al., 2009) with some representative H9 AIV isolated in other regions of the world. The tested strains in this study were marked with stars, vaccine strains in mainland China were marked with squares, and mammal isolates were marked with triangles. The isolates in bold stand for representative strains of sublineage grouping.
characteristic of low-pathogenic avian influenza. The sequences of isolated strains were in most cases of 335 PSRSSR↓GLF 341 , whereas it was 335 PARSSR↓GLF 341 for B6 as well as HK-G1, HK-Y280, BJ-1, and SH-F, and other types of the motif at the cleavage sites were identified to be 335 PAGSSR↓GLF 341 for GD-SS and 335 PAASNR↓GLF 341 for HK-Y439.
The mature peptide sequences were analyzed for further characterization of antigenic properties of HA genes of the isolated strains (Figure 2 ). As compared with the (Liu et al., 2009 ) with some representative H9 AIV isolated in other regions of the world. The tested strains in this study were marked with stars, vaccine strains in mainland China were marked with squares, and mammal isolates were marked with triangles. The isolates in bold stand for representative strains of sublineage grouping.
vaccine strains, 7 specific mutations located at position 163, 216, 262, 264, 267, 278 , and 316 were found in the HA gene of the viruses, and these mutations might change the antigenicity of the gene as indicated by the DNAStar software ( Table 2 ). The mutation A316S was near the cleavage site, and the mutation Q216L was located at the receptor-binding sites (RBS). All of the RBS of the tested strains were leucine at position 216 (226 numbered according to H3 influenza virus), which was of human influenza virus-like receptor specificity, instead of glutamine at the position 216 of the vaccine strains.
The N-linked glycosidic moieties have been found to play a vital role in mediating viral infectivity and cellassociated host immune responses, protecting critical viral protein epitopes from immune attack (Arnold et al., 2007) . Because HA was the major surface glycoprotein of AIV, the PGS with a N-X-T/S motif (where X can be any amino acid except proline) in the HA molecule of the tested strains were analyzed. The results revealed that most of the strains isolated before 2005 carried 7 PGS, located at amino acid positions 11, 123, 200, 280, and 287 
DISCUSSION
The H9N2 AIV lacked multiple basic amino acids at the cleavage sites and were regarded as viruses of low pathogenicity. However, infections with mild or no clinical signs raised the difficulty of exact diagnosis and made the viruses spread rapidly with frequent antigenic variation (Steinhauer, 1999) . Waterfowls including ducks, shorebirds, and gulls, which can be naturally infected with all subtypes of influenza virus, have been regarded as the natural reservoirs of AIV (Webster et al., 1992) . The reassortant of the H9N2 AIV with viruses of other subtypes, which took place in infected ducks, was an important source of new strains. This process, followed by further transmission to quail and chicken, was of great significance in the evolution and epidemiology of influenza virus (Shaw et al., 2002; Perez et al., 2003) . In this study, our research indicated that the prevalence of the H9N2 AIV was rising after 2007 in China. All of the isolated strains in the study harbored 2 basic amino acids at the HA cleavage sites, which confirmed the low-pathogenic nature of the China H9N2 isolates at prevalence (Stech et al., 2009) . Previous research suggested that amino acid differences in the RBS of HA were associated with differences in receptor binding specificity. All of the strains maintained the human-like motif L216 at the HA receptor binding site and had the preference to binding of α (2-6) sialic acid receptors (Matrosovich et al., 2001) . The changing of Q216 (human isolate as HK-G1 and HK-Y280) to L216 (earlier isolates as vaccine strains) at the RBS caused the switch in host specificity (Peiris et al., 1999) . These viruses at prevalence might have had the ability of infecting humans without pigs as intermediate hosts, which suggested that H9N2 AIV would become of greater risk to public health in the coming years.
Vaccination is an effective way to prevent an AIV epidemic and support an eradication program, but the vaccine should be according to current local strains (Sambhara and Poland, 2006; Montomoli and Manini, 2007) . The vaccine strains such as GD-SS, SD-6, and SH-F, which were selected in the 1990s after the period of initial outbreak, were widely used until now. In this study, nucleotide and derived amino acid sequence analysis of the HA gene showed that the tested isolates of China were closely related but shared less homology The HA of these isolates did not appear to cause profound variations but mutated at a rapid frequency. The phylogenetic analysis of our study showed that these strains were derived from HK-Y280; the strains (except the T7 and T14 isolated from ducks) after 2006 had formed a neighboring clade with HK-Y280 within the sublineage h9.4.2 and had a distant genetic relationship with the vaccine strains. The candidate virus strain for vaccination might be selected in this emerging clade. As the previous research reported, viruses varied in the number of PGS on HA (6 in duck viruses and as many as 8 in quail and chicken viruses; Perez et al., 2003) . In the study, additional PGS appeared at amino acid position 295 in the HA1 of most chicken and duck isolates in the last few years compared with the vaccine strains. It should be further studied whether the extra PGS that appeared in the glucoprotein of the virion surface could enhance pathogenicity. In the present study, the phylogenetic and molecular property of the H9N2 AIV strains isolated at different regions in China during 2002 to 2009 were described in detail. In spite of the low virulence, these strains were of human-like receptor specificity. This may present an even larger concern considering the recent outbreaks of avian influenza. The genetic disparity between the current prevalent strains and the out-of-date vaccine strains should be taken into account when a control policy is established. Our study would lay a foundation for selecting the candidate virus strain for vaccination production.
